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Faraday Rotation (FR) of CMB polarization, as measured through mode-coupling correlations of
E and B modes, can be a promising probe of a stochastic primordial magnetic field (PMF). While
the existence of a PMF is still hypothetical, there will certainly be a contribution to CMB FR from
the magnetic field of the Milky Way. We use existing estimates of the Milky Way rotation measure
(RM) to forecast its detectability with upcoming and future CMB experiments. We find that the
galactic RM will not be seen in polarization measurements by Planck, but that it will need to be
accounted for by CMB experiments capable of detecting the weak lensing contribution to the B-
mode. We then discuss prospects for constraining the PMF in the presence of FR due to the galaxy
under various assumptions that include partial de-lensing and partial subtraction of the galactic
FR. We find that a realistic future sub-orbital experiment, covering a patch of the sky near the
galactic poles, can detect a scale-invariant PMF of 0.1 nano-Gauss at better than 95% confidence
level, while a dedicated space-based experiment can detect even smaller fields.
I. INTRODUCTION
The discovery of a primordial magnetic field1 (PMF)
would have a profound impact on our understanding of
the early universe [1] and would help explain the origin of
the observed magnetic fields in galaxies and clusters [2].
Several observational probes are currently being investi-
gated and the cosmic microwave background (CMB) is
a promising tool to discover and study the PMF on the
largest cosmic scales.
A PMF can affect the thermal distribution and the po-
larization of the CMB. The most relevant CMB signature
depends on the form of the magnetic field spectrum and
also on the level of instrumental noise for different obser-
vations. For instance, current CMB bounds of a few nG
[3–5] on a scale-invariant PMF [6, 7] derive from temper-
ature anisotropies sourced by the magnetic stress-energy.
Comparable bounds were recently obtained in [8] using
the Lyman-α forest spectra [9]. As the stress-energy is
quadratic in the magnetic field strength, improving this
bound by a factor of 2 would require a 16 fold improve-
ment in the accuracy of the spectra. On the other hand,
Faraday Rotation (FR) of CMB polarization, being linear
in the magnetic field strength, offers an alternative way
to improve CMB bounds on a scale-invariant PMF by an
order of magnitude [11], and possibly more, with the next
generation CMB experiments. Even current CMB data is
close to providing competitive bounds on scale-invariant
PMF through their FR signature [8, 10].
In contrast, a PMF produced causally in an aftermath
of the electroweak or QCD phase transition [12] would
have a blue spectrum [13, 14] with most of the power
concentrated near a small cutoff scale set by the plasma
1 In the context of this paper, “primordial” means that the mag-
netic field was generated prior to last scattering.
conductivity at recombination. It has been suggested [15]
that such small-scale fields can appreciably alter the re-
combination history via enhancement of small scale bary-
onic inhomogeneities. Consequently, the strongest CMB
constraint would come from an overall shift in the dis-
tance to last scattering. According to [15], upcoming
CMB experiments can rule out causally produced fields
with a comoving strength larger than 10−11 G.
Given the promise of FR to significantly improve the
bounds on scale-invariant PMF [11], it is important to as-
sess the strength of the rotation induced by the magnetic
fields in our own galaxy. A rotation measure (RM) map
of the Milky Way has recently been assembled by Op-
permann et al [16] based on an extensive catalog of FR
of compact extragalactic polarized radio sources. They
also presented the angular power spectrum of RM and
find that it is very close to a scale- invariant spectrum at
` . 200. Fig. 1 of [16] shows that the root-mean-square
RM away from the galactic plane is about 20-30 rad/m
2
.
Additional insight into galactic RM on smaller scales can
be gained from Haverkorn et al [17] who studied Stokes
parameters generated by diffuse polarized sources resid-
ing inside the Milky Way. Their power spectra generally
agree with the scale-invariance of the large scale tail of
the power spectrum of [16], but also show evidence of a
break in the spectrum, indicating a power law suppres-
sion of the RM power on small scales. Such a break in
the RM spectrum is also present in the model of Minter
and Spangler [18] who, by fitting to a small set of RM
data from extragalactic sources, argued that the spec-
trum should be set by Kolmogorov turbulence on small
scales.
The approximately scale-invariant shape of the galac-
tic RM spectrum can obscure FR constraints on scale-
invariant PMF. Based on calculations in [11, 19], one
can estimate that a typical galactic RM of 30 rad/m
2
corresponds to an effective, or “energy equivalent” (see
Eq. (10) for the definition) PMF strength of 0.6 nG. This
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2is well below the bounds from Planck [3] obtained using
non-FR diagnostics and, as we confirm in this paper, be-
low the levels detectable by Planck via the mode-coupling
statistics induced by FR. However, as shown in [11], fu-
ture CMB experiments capable of detecting the weak
lensing B-mode will be able to constrain a scale-invariant
PMF of 0.1 nG strength at 100 GHz. Operating at lower
frequencies and combining FR information from several
channels may further improve the constraints. Clearly,
with such high sensitivities the contribution of the galac-
tic RM to the total FR signal will become important.
In this paper, we investigate the imprint of the galactic
RM on CMB observables, and its impact on detectability
of the PMF via the EB and TB mode-coupling correla-
tions. We start by introducing the necessary concepts
and reviewing the known galactic RM measurements in
Sec. II. In Sec. III, we estimate detectability of the galac-
tic RM by upcoming and future CMB experiments and
forecast future bounds on the scale-invariant PMF un-
der various assumptions. We conclude with a summary
in Sec. IV.
II. FARADAY ROTATION OF CMB
POLARIZATION
A. Basics of Faraday Rotation
A CMB experiment measures Stokes parameters in
different directions on the sky, with parameters Q and
U quantifying linear polarization. If CMB photons pass
through ionized regions permeated by magnetic fields,
the direction of linear polarization is rotated by an angle
[20, 21]
α(nˆ) = λ20 RM(nˆ) =
3
16pi2e
λ20
∫
τ˙ B · dl , (1)
where nˆ is the direction along the line of sight, τ˙ is
the differential optical depth, λ0 is the observed wave-
length of the radiation, B is the “comoving” magnetic
field strength (the physical field strength scales with the
expansion as Bphys = B/a2) and dl is the comoving
length element along the photon trajectory. The rotation
measure, RM , is a frequency independent quantity used
to describe the strength of FR. Under the rotation of the
polarization vector, the two Stokes parameters transform
as
Q(ν) + iU(ν) = (Q(0) + iU (0)) exp(2iα(ν)) , (2)
where Q(0) and U (0) are the Stokes parameters at last
scattering. As an approximation, Q(0) and U (0) can be
taken to be the observed Stokes parameters at a very
high frequency since the FR falls off as 1/ν2.
A PMF contributes to FR primarily at the time of
last scattering, just after the polarization was generated,
while the mean ionized fraction was still high, and the
field strength was strongest. Subsequently, additional FR
is produced in ionized regions along the line of sight that
contain magnetic fields, such as clusters of galaxies and
our own galaxy. Eq. (1) implies that a significant FR
angle can be produced by a small magnetic field over a
very large distance, which is the case at recombination,
or by a larger magnetic field over a smaller path, which is
the case for the Milky Way. We will not discuss FR from
clusters which are likely to have a white noise spectrum
and contribute to CMB polarization on small scales. We
are more concerned with the contribution from the Milky
Way that can look very similar to that of a scale-invariant
PMF.
In theory, it is possible to extract a map of the FR
angle by taking maps of Q and U at different frequencies
and using Eq. (2) to solve for the rotation in each pixel.
Each additional frequency channel provides a separate
measurement of α(ν) thus reducing the error bar on the
measurement of RM(nˆ). Such a direct measurement of
FR may be challenging when the Q and U signal in each
pixel is dominated by noise.
Another way to extract the rotation field is from cor-
relations between E and B modes induced by FR using
quadratic estimators [22–26], which is analogous to the
method introduced in [27] for isolating the weak lensing
contribution to CMB anisotropy. Unlike a direct extrac-
tion of FR from Eq. (2), the quadratic estimator method
does not utilize frequency dependence and is statistical
in nature. It formally involves summing over all pixels of
Q and U in order to reconstruct α in a given direction
on the sky.
For small rotation angles, the relation between the
spherical expansion coefficients of the E, B and α fields
can be written as [24]
Blm = 2
∑
LM
∑
l′m′
αLMEl′m′ξ
LM
lml′m′H
L
ll′ , (3)
where ξLMlml′m′ and H
L
ll′ are defined in terms of Wigner 3-j
symbols as [24]
ξLMlml′m′ ≡ (−1)m
√
(2l + 1)(2L+ 1)(2l′ + 1)
4pi
×
(
l L l′
−m M m′
)
(4)
HLll′ ≡
(
l L l′
2 0 −2
)
, (5)
and the summation is restricted to even L+ l′+ l. Eq. (3)
implies correlations between multipoles of E and B modes
that are caused by the FR. Since the primordial T and
E are correlated, FR also correlates T and B.
The quadratic estimator method is based on the as-
sumption of statistical isotropy of primordial perturba-
tions. This implies statistical independence of primordial
Elm and Blm for different lm pairs, e. g. 〈E∗lmEl′m′〉 =
δll′δmm′C
EE
l for the primordial E-mode. Furthermore,
if primordial fields are Gaussian, all of their correlation
functions can be expressed in terms of the power spec-
tra. FR introduces correlations between unequal lm and
3FIG. 1: The CMB B-mode spectrum from Faraday rotation
sourced at 30 GHz by a scale-invariant primordial magnetic
field of 1 nG strength (red solid), by the full sky galactic mag-
netic field (blue dot), and by the galactic field with Planck’s
sky mask (fsky = 0.6). The black short-dash line is the input
E-mode spectrum, the black dash-dot line is the contribution
from inflationary gravitational waves with r = 0.1, while the
black long-dash line is the expected contribution from gravi-
tational lensing by large scale structure.
generates connected four-point correlations. The corre-
sponding non-Gaussian signal can be used to extract the
rotation angle. Namely, given a CMB polarization map,
one constructs quantities such as [22, 24]
DˆLM,mapll′ =
4pi
(2l + 1)(2l′ + 1)
∑
mm′
Bmaplm E
map∗
l′m′ ξ
LM
lml′m′
(6)
which is the minimum variance unbiased estimator for
DLMll′ = 2αLMC
EE
l H
L
ll′ as shown in [28]. Then, each pair
of l and l′ provides an estimate of αLM via
[αˆLM ]ll′ =
DˆLM,mapll′
2CEEl H
L
ll′
. (7)
The minimum variance estimator αˆLM is obtained from
an appropriately weighted sum over estimators for each
ll′ pair. If all such pairs were statistically independent,
the weighting would be given by the inverse variance
of each estimator. However, one has to account for the
correlation between the ll′ and l′l pairs and a detailed
derivation of the appropriate weighting can be found in
[22]. Quantities such as DˆLM,mapll′ can also be constructed
from products of T and B or, more generally, all possible
quadratic combinations, i.e. {EB, BE, TB, BT, TE, ET,
EE}. One can construct an estimator αˆLM that utilizes
all these combinations while accounting for the covari-
ance between them [24]. In this paper, we opt to consider
EB/BE and TB/BT separately, since one of them is typ-
ically much more informative than other combinations.
For further details of the method the reader is referred
to [22, 24].
We will assume a “stochastic” primordial magnetic
field such that its value at any given location is described
by a probability distribution function. This implies that
one can only predict statistical properties of FR, such
as the rotation power spectrum, CααL . The estimator for
the power spectrum directly follows from the estimator
of αLM and derives from four-point correlations, such as
EBEB. In the next section, we will examine detectabil-
ity of the rotation spectrum caused by the galactic and
primordial magnetic fields.
We note that the form of the quadratic estimator al-
lows for contributions from the monopole (L = 0) and
dipole (L = 1) of the FR field which, in principle,
should not be ignored. However, the monopole is gen-
erally not expected for FR, since it would imply a non-
zero magnetic charge enclosed by the CMB surface, while
the dipole, corresponding to a uniform magnetic field, is
strongly constrained for the PMF and is relatively unim-
portant for the galactic RM.
In addition to mode-coupling correlations of EB and
TB type, FR also contributes to the B-mode polarization
spectrum, CBBl . In Fig. 1 we show the B- mode spectrum
at 30 GHz due to FR by a PMF with a scale-invariant
spectrum and effective field strength of 1 nG.The B-mode
spectrum due to FR by the galactic field is also shown
for two choices of sky cuts. For reference, we show the E
mode auto-correlation spectrum which acts as a source
for the FR B modes, the B modes from inflationary grav-
itational waves with r = 0.1, and the expected contribu-
tion from weak lensing (WL). As can be seen from Fig. 1,
the shape of the FR induced B mode spectrum largely
mimics that of the E- mode, and the galactic contribu-
tion has a very similar shape to that of the scale- invariant
PMF. A more detailed discussion of the FR induced B-
mode spectrum can be found in [19]. As shown in Sec. III,
the FR signatures of the galactic or scale-invariant PMF
are always less visible in the B-mode spectrum compared
to the EB quadratic estimator, with the latter promis-
ing to provide the tightest constraints. We note that for
causally generated PMF, which have blue spectra with
most of the power concentrated at the dissipation scale,
the signal-to-noise ratio (SNR) for detecting FR in BB
is higher than that in the quadratic estimators [11], al-
though the resulting constraints are not competitive with
other probes of causal fields. In what follows, we will fo-
cus on FR signatures of scale-invariant PMF only.
4B. A scale-invariant primordial magnetic field
Assuming statistical homogeneity and isotropy, the
magnetic field correlation function in Fourier space is [29]
〈b∗i (k)bj(k′)〉 =
[(
δij − kikj
k2
)
S(k) + iijl
kl
k
A(k)
]
×(2pi)3δ3(k − k′) (8)
where repeated indices are summed over, bi(k) denotes
the Fourier transform of the magnetic field at wave vector
k, k = |k|, and S(k) and A(k) are the symmetric and
antisymmetric (helical) parts of the magnetic field power
spectrum.
The helical part of the power spectrum does not play
a role in Faraday Rotation; only the symmetric part of
the spectrum is relevant for us. On scales larger than the
inertial scale, i.e. k < kI , S(k) will fall off as a power law.
On scales smaller than a dissipative scale, i.e. k > kd,
the spectrum will get sharply cut-off. A second power-
law behavior is possible for kI < k < kd. However, we
shall assume that kI ≈ kd, so that the magnetic field
spectrum is given by a single power law behavior at all
scales larger than the dissipation scale. These features
can be summarized by [19]
S(k) =
ΩBγργ 32pi
3n
k3I
(
k
kI
)2n−3
, 0 < k < kdiss
0, kdiss < k
(9)
where ΩBγ is the ratio of cosmological magnetic and pho-
ton energy densities, and ργ is the photon energy density.
For convenience, we define an “effective”, or “energy
equivalent”, magnetic field strength
Beff ≡ (8piΩBγργ)1/2 = 3.25× 10−6
√
ΩBγ Gauss. (10)
A uniform magnetic field of strength Beff will have the
same energy density as a stochastic magnetic field with
spectrum in Eq. (9).
Scale invariance for k < kd corresponds to n = 0, in
which case the expressions in Eq. (9) are not well defined.
One reason is that the energy density diverges logarith-
mically for a strictly scale invariant field. We get around
this issue by only considering approximately scale invari-
ant magnetic fields for which n is small. Note that, for
scale invariant fields, Beff is equal to the field strength
smoothed over a scale λ (if it is larger than the dissipa-
tion scale), or Bλ, frequently used in the literature (e.g.
in [3–5]).
As we have already noted, the galactic RM spectrum
is approximately scale invariant. The RM induced by a
scale invariant PMF is also scale invariant [11]. Hence
the amplitudes of the galactic and PMF rotation measure
spectra can be related directly for a scale invariant PMF.
For a scale-invariant angular spectrum C`, the quan-
tity `(` + 1)C`/2pi is constant. Hence, one can define an
amplitude
ARM =
√
L(L+ 1)CRML
2pi
(11)
for the range of L over which the RM spectrum is ap-
proximately scale-invariant. One can see from Fig. 3 that
this holds for the galactic RM for L . 100. Similarly,
one can define an amplitude
Aα =
√
L(L+ 1)CααL
2pi
(12)
The relation between the Faraday rotation angle in
radians and the RM is given by α = c2ν−2RM =
10−4ν−230 RM m
2 where ν30 ≡ ν/30 GHz. For example, a
characteristic galactic RM of 30 rad/m2 at 30 GHz gives
a rotation angle of 3×10−3 rad, or 0.17◦. The amplitudes
of Aα in radians and ARM in rad/m
2 are therefore also
related via
Aα = 10
−4ν−230 ARM m
2 . (13)
To gain some intuition into the relative importance of
the galactic RM prior to more detail forecasts in Sec III B,
let us estimate the Beff of scale-invariant PMF that gives
RM comparable to that of our galaxy. For this, we can
compare the amplitude Aα from PMF to the amplitude
for galactic spectra at the same frequency. The relation
between PMF and Aα involves integration along the line
of sight (Eq. (1)). Rather than trying to find an approxi-
mate analytical solution, we use exact spectra found nu-
merically in [11, 19]. From Fig. 1 of Ref. [11], one can
infer that for a scale invariant PMF with ΩBγ = 10
−4,
(APMFα )
2 ≈ 2.43×10−2 rad2 at 30 GHz. We can then use
Eqs. (13) and Eq. (10) to relate Beff to ARM:
Beff ≈ 0.021 ARM nG m
2
rad
. (14)
From Fig. 3, we can see that ARM ≈ 30 rad/m2 for the
galactic RM spectrum obtained without any sky cuts. It
follows from Eq. (14) that this corresponds to a scale-
invariant PMF with Beff ≈ 0.6 nG. Such PMF are well
below levels detectable by Planck through their FR sig-
nal, but can be detected at high significance by future
sub-orbital and space-based experiments [11].
We can also estimate the peak value of the B-mode
spectrum, PB ≡ `peak(`peak +1)CBB`peak/2pi, in (µK)2, for a
given ARM and frequency. From Fig. 1, we see that PB ≈
0.03 (µK)2 for a scale invariant PMF of 1 nG strength.
Using this fact along with Eq. (14), we can deduce
PB ≈ 0.03
ν430
[
Beff
nG
]2
(µK)2 ≈ 10
−5
ν430
[
ARM m
2
rad
]2
(µK)2 .
(15)
Thus, for a typical galactic ARM of 30 rad/m
2, at 30 GHz,
we should expect a peak in the B-mode spectrum of about
10−2 (µK)2, which agrees with the blue dotted line in
Fig. 1 corresponding to the unmasked galactic RM. In
practice, the galactic plane is masked in all CMB exper-
iments, e.g. the mask applied to Planck’s 30 GHz map
only uses 0.6 of the sky. This significantly reduces the
amplitude of the galactic RM spectrum and, as a conse-
quence, the B-mode spectrum. This is shown as a blue
5dashed line in Fig. 1. One can see that the galactic B-
mode is at least one, and more likely two, orders of mag-
nitude below the weak lensing signal, so there is almost
no hope of seeing it even at a frequency as low as 30 GHz.
Going a factor of ∼ 3 higher in frequency, which is more
typical in CMB studies, results in another factor of ∼ 100
decrease in the B-mode spectrum.
One of the conclusions of this section is that the galac-
tic RM is practically invisible in the BB auto-correlation.
Hence, we should look at the mode-coupling estimators,
as they are known to be much more sensitive to FR [11].
As shown in [11], future experiments can easily probe
0.1 nG strength PMF fields with the mode-coupling es-
timators.
C. The galactic rotation measure
A rotation measure (RM) map of Milky Way has
been put together by Oppermann et al [16] based on
an extensive catalog of Faraday rotation data of com-
pact extragalactic polarized radio sources. The RM is
strongest along the galactic plane, but remains signifi-
cant at the poles. However, the latitude dependence of
the rms RM disappears at latitudes higher than about
80◦, where the dependence flattens out at a rms value
of about 10 rad/m2. Oppermann et al [16] also pre-
sented the angular power spectrum of RM calculated af-
ter factoring out the latitude dependence. They find that
L(L + 1)CRML ∝ L−0.17 at L . 200, which is very close
to a scale-invariant spectrum.
Some insight into galactic RM on smaller scales is pro-
vided by Haverkorn et al [17]. They studied Stokes pa-
rameters, generated by diffuse polarized sources residing
inside the galaxy, at several frequencies around 350 MHz.
They focused on two separate patches away from the
Galactic plane, each covering about 50 sq. deg. The rota-
tion measures in both were less than 10 rad/m2. However,
since they are looking at sources inside the galaxy, they
only see a fraction of the total RM along each line of sight.
Thus, their numbers cannot be directly compared to RM
of [16]. Still their power spectrum gives a sense for the
scale dependence of the total RM, and generally agrees
with the flat nature of the large scale tail of the power
spectrum of [16]. At a scale of about 0.3◦ (L ∼ 600),
they see evidence of a break in the spectrum, indicating
a power law suppression of the RM power on small scales.
Such a break in the spectrum is also present in the model
of Minter and Spangler [18], whose analysis is based on
a small set of RM data from extragalactic sources. They
argued that on small scales the spectrum should be due
to Kolmogorov turbulence. The corresponding scaling of
L(L + 1)CRML would be L
−2/3. To summarize, based on
the evidence in [16–18], if we were to measure RM in a
few degree patches near galactic poles, we would expect a
RM spectrum that is roughly scale invariant at L < 600
turning into a L−2/3 tail on smaller scales. As we will
show in the next section, the quadratic estimator of the
RM in rad/m2
Uncertainty in RM in rad/m2
Galactic RM in rad/m2  with 
Planck mask at 30GHz
fsky=0.4
fsky=0.1
FIG. 2: Maps of RM from Oppermann et al [16]. The top
panel shows the full sky map, the middle panel shows the
associated error, while the bottom panel shows the map after
applying the Planck 30 GHz sky cut. The bottom panel also
shows lines of symmetric cuts corresponding to fsky = 0.4 and
fsky = 0.1.
FR angle is largely uninformative for L > 300. Hence,
we do not need a RM map with a resolution higher than
that of Oppermann et al [16].
Note that the CMB polarization even in a small patch
around the poles is affected by very long wavelength
modes of variations of the RM. In terms of Eq. (3), lowest
multipoles of αLM contribute significantly to the much
higher multipoles of Blm. Thus, to predict the observ-
ability of the FR in CMB in a small patch one cannot
simply use the high ` portion of the RM spectrum. We
should use the full RM spectrum obtained from the RM
after applying a mask normally used to block the galactic
610 100
L
10ï1
100
101
102
103
104
L (
L +
1 )
C L
/ ( 2
/
)  (
r a
d /
m
2 )2
PMF=1nG
fsky=1
Planck,70GHz
Planck,30GHz
fsky=0.4
fsky=0.1
FIG. 3: The RM angular spectra, L(L+1)CRML /2pi, obtained
from the RM map of Oppermann et al [16] with different cuts.
Shown are the RM spectra corresponding to, from top to bot-
tom, a scale-invariant PMF of 1 nG, galaxy with no sky cut,
with a mask used by Planck for their 70 GHz map, a Planck
mask for the 30 GHz map, and symmetric cuts corresponding
to fsky = 0.4 and fsky = 0.1.
plane.
In Fig. 2 we show the RM map for our galaxy ob-
tained from the Faraday rotation of extragalactic sources
in units of rad/m2 by Oppermann et al [16]. The top
panel is the full map. The mid-panel shows the uncer-
tainty in RM in rad/m2. Most of the signal and uncer-
tainty come from the galactic disk. The bottom panel
shows the RM map with part of the sky removed with
a mask used for Planck’s mask 30 GHz map [30]. The
bottom panel also shows lines of symmetric latitude cuts
corresponding to sky fractions of fsky = 0.1 and 0.4.
In Fig. 3 we present the power spectra L(L+1)CRML /2pi
of the galactic RM under different symmetric sky cuts
and two Planck mask cuts: one for 30 GHz with fsky =
0.6, and one for 70 GHz with fsky = 0.7. The figure also
shows the RM spectrum from a scale-invariant PMF with
Beff = 1 nG. To calculate the galactic RM spectra, we
first use HEALPix [31, 32] to find
a˜LM =
∫
dΩ W (Ω) R(Ω) Y ∗LM (Ω), (16)
where R(Ω) is the RM field, and W (Ω) is the mask which
is 0 if a pixel is masked and 1 if it is not. We then evaluate
CRML =
1
fsky(2L+ 1)
L∑
M=−L
a˜∗LM a˜LM , (17)
which are the so-called “pseudo-CL” rescaled by fsky.
The commonly used procedure for estimating CL’s
from a partial sky is detailed in [33]. It assumes statisti-
cal isotropy and involves calculating a conversion matrix
that relates “pseudo-CL”, obtained from a partial sky,
to the “full-sky” CL. In Eq. (17), as a crude approxima-
tion, we ignore the mode-coupling and replace the matrix
with a rescaling by the fsky factor. Note that the galac-
tic RM map is not isotropic and the “full-sky” spectrum
reconstructed from a given patch is not the same as the
actual spectrum evaluated from the full-sky. Thus, our
estimates in Sec. III of the detectability of the galactic
RM spectrum, and of the detectability of the PMF with
the galactic RM as a foreground, are specific to particular
masks. The error bars in Fig. 3 receive contributions from
the uncertainty in the measurements of the RM map and
from the cosmic variance.
III. DETECTABILITY PROSPECTS
We are interested in answering two questions: 1)How
well can CMB polarization experiments measure the
galactic RM spectrum? 2)What bounds on a scale-
invariant PMF can be placed from measurements of FR?
Both contributions, the galactic FR and the primordial
FR, contribute in the same way to the quadratic estima-
tors discussed in Sec. II A. Let αˆEBLM be the estimator of
the rotation angle that one reconstructs from linear com-
binations of quadratic terms E∗lmBl′m′ . The variance in
αˆEBLM , for a statistically isotropic rotation angle, is defined
as
〈αˆEB∗LM αˆEBL′M ′〉 = δLL′δMM ′σ2L , (18)
with σ2L given by [22, 24]
σ2L = C
αα
L +N
EB
L , (19)
where CααL is the rotation power spectrum, and N
EB
L is
the part of the variance that does not depend on the ro-
tation angle and contains contributions from variances
of individual estimators DˆLM,mapll′ (see Eq. (6)), while ac-
counting for their covariance. It is given by [22, 24]
(NEBL )
−1 =
1
pi
∑
``′
(2`+ 1)(2`′ + 1)[CEE`′ H
L
``′ ]
2
C˜EE`′ C˜
BB
`
, (20)
where `+ `′ + L =even, and
C˜XX` ≡ [CXX ]prim` + fDL[CXX ]WL` + IXX` , (21)
is the measured spectrum, with XX standing for either
EE or BB, that includes the primordial contribution,
[CXX ]prim, the weak lensing contribution, [CXX ]WL, and
the noise term associated with the experiment, IXX` . We
allow for the possibility of partial subtraction of the weak
lensing contribution by introducing a de-lensing fraction,
fDL, in (21). The efficiency of de-lensing depends on the
method used to de-lens [34, 35], as well as the noise and
the resolution parameters of the experiment. In [35] it
was found that the quadratic estimator method of de-
lensing [27], which is similar but orthogonal [22, 23] to
7the one we use to extract the FR rotation, can reduce
the lensing contribution to BB by up to a factor of 7
as it reaches the white noise limit. On the other hand,
the so-called iterative method [35] can further reduce the
lensing contribution by a factor of 10 or larger. In our
analysis we have only considered two cases – one with
no de-lensing (fDL = 1) and one with a factor of 100 re-
duction of the lensing B-mode (fDL = 0.01). We adopt
the latter optimistic assumption with the aim of illus-
trating the relative significance of lensing contamination
for an experiment of given noise and resolution. Note
that the numerator in Eq. (20) contains the unlensed E-
mode spectrum, while the denominator includes the lens-
ing contribution to E- and B-mode spectra. Predictions
for both are readily obtained from CAMB [36, 37] for a
given cosmological model.
The instrumental noise term, IXX` , accounts for the
detector noise as well as the suppression of the spectrum
on scales smaller than the width of the beam [38]:
IEE` = I
BB
` = ∆
2
P exp(`
2Θ2FWHM/8 ln 2) , (22)
where ∆P quantifies detector noise associated with mea-
surements of CMB polarization and ΘFWHM is the full
width at half maximum of the Gaussian beam.
In the case of TB, the expression for the variance anal-
ogous to Eq. (20) is [24]
(NTBL )
−1 =
1
pi
∑
``′
(2`+ 1)(2`′ + 1)[CTE`′ H
L
``′ ]
2
C˜TT`′ C˜
BB
`
. (23)
Eq. (18) assumes that the distribution of the rotation
angle is isotropic, and the angular brackets denote an
ensemble average over many realizations of α as well as
realizations of the primordial CMB sky. This is a well-
motivated assumption for the PMF and for the galactic
RM near galactic poles. Away from the poles, the galactic
RM shows a strong dependence on the galactic latitude
[16]. This means that the forecasted variance can dif-
fer from the actual uncertainty for larger values of fsky,
although we expect it to be of the correct order of mag-
nitude. For the galactic RM map, we take the rotation
angular spectrum to be CααL ≡ ν−4CRML , with CRML cal-
culated from the RM map of [16] after applying sky cuts,
as plotted in Fig. 3 and explained in Sec. II C.
We will consider several sets of experimental param-
eters corresponding to ongoing, future and hypothetical
experiments. Namely, we consider Planck’s 30 GHz LFI
and 100 GHz HFI channels based on actual performance
characteristics [39], POLARBEAR [40] at 90 GHz with
parameters compiled in [41], QUIET Phase II [42] at 40
GHz using the parameters compiled in [41], 30, 45, 70 and
100 GHz channels of a proposed CMBPol satellite [43], as
well as an optimistic hypothetical sub-orbital and space-
based experiments at 30 and 90 GHz. The assumed sky
coverage (fsky), resolution (ΘFWHM), and instrumental
noise (∆P ) parameters are listed in Tables I and II.
FIG. 4: Contribution of individual multipoles to the net
SNR of detection of the galactic RM spectrum. Plotted are
d(S/N)2L/d lnL for an optimistic 30 GHz sub-orbital exper-
iment with (solid blue) and without (blue dot) de-lensing,
as well as for a hypothetical future 30 GHz space probe
with (red short dash) and without (red long dash) de-lensing
(fDL = 0.01). The spiky nature of the plot is due to the
spikiness of the RM spectra, as seen in Fig. 3. Experimental
parameters assumed in this plot are given in the text and in
Table I.
A. Detectability of the galactic rotation measure
Let us estimate the significance level at which the
galactic RM spectrum can be detected. The signal in
this case is the rotation angle spectrum Cαα,GL , related
to the galactic RM spectrum via Cαα,GL = C
RM,G
L /ν
4.
Our forecasts will be specific to the spectra estimated af-
ter applying particular masks to the RM map from [16],
and the RM spectra are different for different sky cuts, as
can be seen in Fig. 3. The approximate expression for the
variance is obtained under the assumption of statistically
isotropic and Gaussian rotation angle:
σ2CL =
2σ2L
fsky(2L+ 1)
(24)
where σ2L is the variance of the estimator αˆ
XB
LM defined in
Eq. (19), and X stands for either E or T, depending on
whether one uses the EB or TB estimator. The total SNR
squared of the detection of the galactic FR spectrum is
the sum of (C
αα,G/σCL )
2
L at each L:(
S
N
)2
XB
=
Lmax∑
L=1
fsky(2L+ 1)[C
αα,G
L ]
2
2[Cαα,GL +N
XB
L ]
2
. (25)
Note that even for a small sky coverage, the SNR receives
a non-zero contribution from the smallest multipoles L
8Name - freq (GHz) fsky FWHM (arcmin) ∆P (µK-arcmin) (S/N)EB (+DL) (S/N)TB (+DL) (S/N)BB (+DL)
Planck LFI - 30 0.6 33 240 5.3E-4 (same) 2.2E-3 (same) 2.3E-4 (same)
Planck HFI - 100 0.7 9.7 106 1.4E-3 (same) 7.5E-4 (same) 6E-5 (same)
Polarbear - 90 0.024a 6.7 7.6 1.3E-2 (1.5E-2) 1.6E-3 (2.0E-3) 4.6E-4 (6.0E-4)
QUIET II - 40 0.04a 23 1.7 0.3 (0.8) 0.05 (0.2) 0.02 (0.08)
CMBPOL - 30 0.6 26 19 1.0 (same) 0.4 (same) 0.05 (same)
CMBPOL - 45 0.7 17 8.25 2.1 (2.3) 0.8 (0.9) 0.12 (0.15)
CMBPOL - 70 0.7 11 4.23 2.0 (2.6) 0.6 (0.9) 0.08 (0.14)
CMBPOL - 100 0.7 8 3.22 1.4 (2.0) 0.3 (0.6) 0.03 (0.07)
Suborbital - 30 0.1 1.3 3 2.0 (3.1) 0.3 (0.7) 0.08 (0.2)
Space - 30 0.6 4 1.4 18 (28) 7 (14) 5 (30)
Space - 90 0.7 4 1.4 3.3 (6.8) 1.0 (2.4) 0.09 (0.64)
TABLE I: S/N of the overall detection of the galactic RM spectrum with Planck, Polarbear, QUIET, CMBPOL and optimistic
future sub-orbital and space experiments. Results are presented without and with (+DL) de-lensing by a factor fDL = 0.01. (
a
based on 0.1 of RM sky.)
of the rotation angle. This is because large angle features
of RM couple small angle features of CMB, and there
will be ll′ pairs (see Eq. (7)) giving an estimate of RM at
small L no matter how small fsky is. However, the smaller
the sky coverage, the smaller is the number of available
ll′ pairs leading to larger statistical errors.
In addition to the EB estimator, one may also want
to know how detectable the Milky Way RM is in the B-
mode spectrum. In this case, the signal is the B-mode
spectrum generated by the FR inside the galaxy, CBB,GL
(see Fig. 1). The squared SNR is(
S
N
)2
BB
=
Lmax∑
L=2
fsky
2
(2L+ 1)
(
CBB,GL
C˜BBL
)2
. (26)
where C˜BBL is given by Eq. (21) and includes contribu-
tions from galaxy, weak lensing and instrumental noise.
In Fig. 4, we plot contributions to the net SNR in de-
tection of the galactic RM spectrum, given by Eq. (4),
received per lnL. We show four different cases, all at 30
GHz, corresponding to hypothetical future sub-orbital
and space based experiments, with and without de-
lensing by a factor fDL = 0.01. We assume that the sub-
orbital experiment will cover fsky = 0.1 with ∆P = 3µK-
arcmin and FWHM of 1.3′, while the space-based probe
will cover fsky = 0.6 (based on Planck’s 30 GHz sky
mask) with ∆P = 1.4µK-arcmin and FWHM of 4
′. Note
that, as shown in Fig. 3, elimination of the galactic plane
significantly reduces the amplitude of the galactic RM
spectrum signal. Thus, the overall SNR of detection of
the galactic RM spectrum is only of O(1) for the most op-
timistic sub-orbital experiment, with de-lensing making
a relatively minor difference. In contrast, a space-based
probe can detect the galactic RM at a high confidence
level, with most of the signal coming from 4 < L < 100.
This means that CMB polarization can, in principle, be
used to reconstruct the galactic RM map at a resolution
of up to a degree. De-lensing the CMB maps can further
improve the accuracy of the reconstruction.
In Table I, we forecast the SNR in detection of the
galactic RM spectrum for several ongoing, proposed and
hypothetical experiments. For experiments with fsky <
0.1, such as QUIET and POLARBEAR, we use CRML
with the fsky = 0.1 cut of the RM map (the bottom line
in Fig. 3) around the galactic plane. Thus, our estimates
assume that QUIET and POLARBEAR will observe in
patches that are close to the galactic poles where statisti-
cal properties of the galactic RM become independent of
the exact size of the patch. This expectation is justified
by the fact that latitude dependence essentially disap-
pears as one approaches the poles, which is quantified in
Fig. 1 of [16].
We separately show results based on the EB, TB and
BB estimators, with and without de-lensing. The results
allow us to make the following conclusions. Firstly, the
galactic RM will be invisible in Planck’s polarization
maps. Secondly, the galactic RM spectrum is unlikely to
be detected by a sub-orbital experiment covering a small
fraction of the sky near the galactic poles, at least not
via the mode-coupling quadratic estimators or its contri-
bution to the B-mode spectrum, unless very optimistic
assumptions are made about its resolution and sensitiv-
ity. Thirdly, space-based polarization probes, such as the
proposed CMBPOL mission, should take the galactic RM
into account. We note that our analysis does not cover
the possibility of the galactic RM being detected directly
from Eq. (2) by utilizing the frequency dependence of
Stokes parameters. This may turn out to be a more sen-
sitive method for future multi-frequency CMB experi-
ments with sufficiently low instrumental noise. We leave
investigation of this possibility for future work.
9Name - freq (GHz) fsky (f
opt
sky ) FWHM (arcmin) ∆P (µK-arcmin) Beff (2σ, nG) +DL (nG) +DL+DG (nG)
Planck LFI - 30 0.6 33 240 16b same same
Planck HFI - 100 0.7 9.7 106 23 same same
Polarbear - 90 0.024a 6.7 7.6 3.3 3.0 same
QUIET II - 40 0.04a 23 1.7 0.46 0.26 0.25
CMBPOL - 30 0.6 26 19 0.56 0.55 0.51
CMBPOL - 45 0.7 17 8.25 0.38 0.35 0.29
CMBPOL - 70 0.7 11 4.23 0.39 0.32 0.26
CMBPOL - 100 0.7 8 3.22 0.52 0.4 0.34
Suborbital - 30 0.1 1.3 3 0.09 0.07 0.05
Suborbital - 90 0.1 1.3 3 0.63 0.45 same
Space - 30 0.6 (0.2) 4 1.4 0.06 0.04 0.02
Space - 90 0.7 (0.4) 4 1.4 0.26 0.15 0.12
TABLE II: The expected 2σ bound in nano-Gauss on the strength of a scale-invariant PMF. Without de-lensing and with
de-lensing (+DL) by a factor fDL = 0.01, and with additional removal of the galactic RM by a factor fDG = 0.1 (+DL+DG).
Note that for full sky experiments, there is an optimal sky cut (foptsky ) that gives the best bounds on the PMF. (
a based on 0.1
of RM sky; b from TB estimator.)
FIG. 5: Contribution of individual multipoles to the net SNR
of detection of the PMF of 0.1 nG. Plotted are d(S/N)2L/d lnL
for an optimistic 30 GHz sub-orbital experiment without de-
lensing (blue dot), after de-lensing (fDL = 0.01, solid blue)
and after de-lensing and partially subtracting the galactic RM
((fDG = 0.1, blue long dash-dot), as well as for a hypothetical
future 30 GHz space probe with (red short dash) and without
(red long dash) de-lensing (fDL = 0.01), as well as with partial
(fDG = 0.1) subtraction of the galactic RM (green dash-dot).
The red short and long dash lines correspond to foptsky = 0.2,
while the green dash-dot uses foptsky = fsky = 0.5. The lines are
spiky because the RM spectra, as seen in Fig. 3, contribute
to then the noise part of the SNR. Note that spikes disappear
when the galactic RM is partially subtracted. Experimental
parameters assumed in this plot are given the text and in
Table II.
B. Detectability of the primordial magnetic field
The SNR of the detection of the primordial FR rota-
tion angle is given by(
S
N
)2
XB
=
Lmax∑
L=1
fsky(2L+ 1)[C
αα,PMF
L ]
2
2[Cαα,PMFL + fDGC
αα,G
L +N
XB
L ]
2
.
(27)
where X stands for either E or T, depending on whether
one uses the EB or TB estimator, Cαα,PMFL is the primor-
dial contribution, while fDG is the “de-galaxing” factor,
i.e. the fraction of the galactic rotation angle spectrum
that is known from other sources and can be subtracted.
As in the case of the galactic RM, the SNR receives a
non-zero contribution from all multipoles L, including the
smallest, even for a small sky coverage. In the case when
a large fraction of the sky is available, there is an optimal
cut of the sky, foptsky , for which the S/N is maximal. This
is because the galactic RM contribution is weaker when
large parts of the sky are cut, but there are more available
modes when more of the sky is kept. In what follows, we
will state when values of foptsky are different from fsky.
In Fig. 5, we plot contributions per lnL to the net SNR
in detection of the FR from a scale-invariant PMF with
Beff = 0.1 nG for the same two hypothetical experiments
considered in Fig. 4. In addition to the four cases con-
sidered in Fig. 4, the green dot-dash line shows the case
when the galactic contribution is partially subtracted for
the space-based probe with fDG = 0.1. A few observa-
tions can be made from this plot. First is that both ex-
periments can detect a 0.1 nG PMF at high significance,
which constitutes a big improvement on prospects of de-
tecting a PMF in CMB via non-FR signatures [3–5]. Sec-
ond is that de-lensing makes a significant difference for
both the space-based and sub-orbital experiments. Third
is that subtracting the galactic RM moderately improves
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FIG. 6: Contour plots of the 2σ bound on Beff (in nG) in the instrumental noise – CMB resolution plane, with the frequency
channel taken to be 30 GHz. The left panel shows the case with no de-lensing (fDL = 1) and without subtracting the Milky
Way RM (fDG = 1). The middle panel is with fDL = 0.01, while the right panel is with fDL = 0.01 and fDG = 0.1. It is assumed
that up to 0.6 of the sky is available and an optimal sky cut is found in each case.
the detection at multipoles in the 4 . L . 70 range. Fi-
nally, we can see that most of the information comes from
4 < L < 200, meaning that future CMB experiments can
reconstruct FR maps corresponding to PMF of 0.1 nG
strength up to a degree resolution.
In Table II we present our forecasts for 2σ bounds on
Beff that can be expected from various ongoing and fu-
ture CMB experiments. We present results obtained from
the EB estimator, because they lead to the strongest
bounds, except for the case of Planck’s 30 GHz chan-
nel, for which the TB estimator gives better constraints.
For each experiment, we check the effect of de-lensing
(+DL) with fDL = 0.01 as well as further partial sub-
traction of the galactic RM (+DL+DG) with fDG = 0.1.
The optimal sky cuts are indicated when relevant. One
of the interesting facts one can extract from this table is
that very competitive bounds can be placed by POLAR-
BEAR and QUIET, while even O(10−11G) fields can be
constrained in principle by future experiments.
To show the dependence of the PMF bound on the
instrumental noise and resolution, we plot contours of
constant 2σ bounds on Beff in Fig. 6. The three pan-
els show the cases with and without de-lensing and with
an additional partial subtraction of the galactic RM. An
optimal sky cut was used for each set of parameters.
IV. SUMMARY AND OUTLOOK
We have studied the detectability of a scale-invariant
PMF due to FR of the CMB using polarization corre-
lators in the presence of the foreground imposed by the
Milky Way magnetic field. We have found that the galac-
tic RM is not a serious barrier to observe a scale-invariant
PMF and that the EB quadratic correlator is in general
more powerful than the BB corelator.
We have also studied the detectability of the PMF as a
function of the sky coverage. We find that suborbital ex-
periments can be almost as effective as space borne exper-
iments, and the obstruction caused by the galaxy is rela-
tively weak if the observed patch is near the poles. Also,
as the mode-coupling correlations of CMB are mostly
sourced by the largest scale features (low L) of the ro-
tation measure, a full sky CMB map is not necessary to
access the PMF on the largest scales.
Our results on the sensitivities of various experiments
to the galactic magnetic field are summarized in Table I.
Similarly in Table II we show the effective magnetic field
strength that can be constrained by those experiments,
taking into account the lensing of the CMB and the FR
due to the Milky Way. The dependence of the observable
PMF to the parameters of the experiment are shown in
Fig. 6.
Here we have focussed on the observability of CMB
FR at a single frequency. Cross-correlating polarization
maps at multiple frequencies with comparable sensitivity
to FR can further boost the significance of detection.
We will address this possibility in a future publication.
Also, frequency dependence of polarization can be used
to separate out FR induced B-modes from those induced
by gravitational waves.
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